Abstract
Introduction
Magnetic levitation is an alternative to the use of mechanical bearings in vacuum conditions where lubrication might pollute the vacuum. Magnetic bearings for rotating shafts are commercially available. Electro-magnetically driven platforms with a long stroke in the x-and y-direction based on the Sawyer linear stepper motor are described by A.E. Quaid, A.E. & Rizzi, A.A (2000) , but here additional air-bearings are essential to levitate the platform. The levitated platform with a short stroke is described by Kim, W. & Trumper, D.L. & Lang, J.H. (2000) . A long stroke planar motor with a moving magnet provided with a mechanical bearing system is presented by Flores Filho, A.F. & Susin, A.A & da Silveira, M.A. (2000) . Spherical motors are studied at the RWTHAachen as reported by M. Weck, M. & Reinartz, T. (2000) . Electro-dynamically levitated and propelled platforms are also described by Chu, H. & Jung, H. (2000) and Hazelton, J.A. and Gery, J.M., (2001) .
Presented here is an innovative planar motor, which levitates and propels a platform. It is based on electro-dynamical principles and has a simple structure fitted for series production in combination with four 3-phase amplifiers. After explanation of the principles, a treatment of the analytical equations will be given to describe the force generation, which is highly de-coupled to enable a relatively simple 6-DOF control. The 
Electro-mechanics
The planar motor should be an alternative for the well-known H-shaped gantry and be fitted for vacuum conditions, where roller and air bearing are questionable. The electrodynamical motor principle is chosen to enable force generation in two directions. Zhu, Z.Q. & Howe, D. (2001) give an overview on special magnet geometries, called Halbach magnets, with a general main objective to enhance the motor performance. Figure 1 shows a simple Halbach magnet structure with a schematic representation of the magnetic field lines. Coil A, shown in Figure 1 , generates a force in the vertical direction z whereas coil B generates a horizontal force. The electrical equation involved equals:
with u as voltage, i as current, R as coil resistance, L as self-inductance, which is supposed to be z-position independent, and ϕ 0 as the coupled flux generated by the magnets in the coil. Multiplication of the equation (1) with the current i gives the power balance:
The first term is the ohmic loss, the second item is the change of the stored magnetic energy and the last terms represent the mechanical power in the x-and z-directions respectively. The mechanical power in the x-and z-direction can also be expressed in mechanical terms. For example, in the x-direction the following is valid:
Leading to:
A preferred function for the coupled flux Q 0 is non-dependency on the z-position and a sinusoidal relationship with respect to the x-position, because this allows reuse of the algorithm applied for electronically commutated (EC) motors. Physics does not allow this, so a realistic function, based on simulations and measurements, is:
with as a geometry determined constant and τ as the distance between the magnet poles N and S. The intended applications require a constant distance z between the coil and the magnets, so z is a constant. The force constants can be derived as:
To create a 2-DOF long stroke action we have to provide the actuator with three coils fed by a 3-phase amplifier. The horizontal distance between the coils is chosen as 4-/3 to obtain a symmetrical 3-phase motor. For each of the three coils (j=1,2,3) the following is valid:
The amplifier should generate the currents i j according to:
The relation between the position and the current is usual in EC-motors. Unusual however is the phase-angle . Its function is clear when the forces are given by combining (8) and (9):
So the current amplitude determines the force amplitude and its direction is controlled by the phase angle φ. The forces have become independent on the x-position by the chosen x-position dependency of the current. The current amplitude and the phase-angle φ needed for the required values of the forces F x and F z follow as:
Electronics
The amplifier specification is linked with the intended motion profile, which is of course a time function. The voltage for a DC-motor is easily obtained from its voltage equation when the speed and torque are known. For linear EC-motors this is not the case, because there are three independent variables: x(t), ) ( t I and ) (t φ . The last two terms are linked to F x (t) and F z (t) by equation (11). A motion profile describes x(t),z(t) and in combination with the mechanics leads this to F x (t) and F z (t). So the currents i j (t) are known. We assume now dz/dt=0. Substitution of equation (9) into the voltage equation (1) 
To get the maximum line-to-line voltage for a star connected 3-phase motor One should differentiate equation (12) with respect to the position x to find the x-value x max where the maximum phase voltage can be found. Substitution of x max in equation (12) together with the worst case combination of F x , F z , dF x /dt, dF z /dt and dx/dt, based on the motion profile to be realised, leads to the maximum phase voltage and multiplication with √3 gives the maximum line-to-line voltage. Of course one should take into account the temperature dependent resistance R of the motor phases and tolerances on the motor constants, given by the equations (7) and (8).
To control the forces one should adjust the current amplitude ) ( t I and phase ) (t φ . The complex relation (12) versus the simple relation between the forces F x , F z and I, φ indicates that a current controlled amplifier is preferred to drive the motor.
Mechanics
Until now we have only considered a single force generator with forces in the x-and zdirections. To create a planar motor we combine four of these force generators in a plane with two force generators perpendicularly directed with respect to the other two. The centre of mass does not coincide with the centre of the planar motor in general, because the load (e.g. a tool) is placed on the top of the motor. Let us assume a distance h cg between the centre of the motor and the centre of mass, as indicated in Figure 3 .
The four force generators, marked as 1 and 3 for x-forces and 2 and 4 for y-forces, have to counteract the gravitational force m.g and to accelerate the motor and its load with a x and a y in the x-and y-directions respectively. The balance of forces gives: The balance of torques gives: 
We have eight independent forces, whereas only six equations have been given up to now. Two additional constraints must be added. There are a number of possible options: 
These equations clearly reveal the impact of h cg . At a high value of h cg one should adapt the values of l x and l y to reduce the force levels. It also indicates that a planar motor should be made as flat as possible (of course still satisfying thermal, mechanical and control constraints).
Losses
The motor performance is directly related to the permitted temperature rise. Forced air flow or water-cooling and the introduction of strong rare-earth permanent magnets, as NdFeB, will reduce the temperature rise. But before starting the thermal analysis one has to predict the ohmic losses in the planar motor, which are in general given by P=I 2 R. For a single 3-phase force generator the dissipation yields:
Introduction of S=1.5 K 2 /R leads to:
Now all the information is collected to give the full losses of a planar motor levitating and accelerating a mass m. Substitution of the equations (19) to (22) subsequently into equation 25, under the assumption that holds S x =S y , leads to: 
Summary
The first goal of the planar motor development was to find a design with a minimum of position dependency on the forces and a minimum of cross talk between the degrees of freedom. Many finite element analyses of the magnet plate and coil structures revealed the basic design rules to obtain the motor constants according to equation (6). The anticipated motor losses were determined by equation (25) . The combined effort of (electro-) mechanical designers and thermo-dynamical experts yielded a planar motor concept suitable for series production.
The development of the controllers was started with only one DOF; the other DOFs were fixed by mechanical means. The full 6-DOF single-input-single-output (SISO-) control was developed by enabling the DOFs successively. A stable and controlled electrodynamical planar motor with a long stroke was obtained.
Further activities are mainly directed at more advanced controllers to increase the bandwidth of the control loops and eliminate bandwidth limiting resonances and cross talk. This cross talk refers to a "dive" torque of the forcers. A 3-phase x-force generator creates an inevitable and well predictable, x-position dependent, y-torque and a y-force generator a x-torque, depending on the y-position. 
